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ABSTRACT 

The decline in immunologic function with age is 
associated with an increase in susceptibility to in- 
fections and the occurrence of autoimmune dis- 
eases and cancers. Hence, the restoration of immu- 
nologic function is expected to have a beneficial 
effect in reducing pathology and maintaining a 
healthy condition in advanced age. A number of 
therapeutic strategies have been employed to inter- 
vene in the aging immune system. This article re- 
views the effect of dietary restriction (DR), 
dehydroepiandrosterone (DHEA) treatment, mela- 
tonin (MLT) therapy, and exercise on modulating the 
immune responses and retarding/reducing immuno- 
senescence. DR has been subject to intensive 
research and is known to be the most efficacious 
means of increasing longevity, reducing pathology 
and enhancing immune function. 

The circulatory levels of the androgenic hormone 
DHEA and the pineal hormone MLT decrease with 
increasing age, and this decrease has been corre- 
lated with the age-related decline in the immune 
system. Therefore, the observation that immuno- 
senescence is associated with low levels of DHEA 
and MLT has provided a rationale for therapeutic 
intervention. DHEA treatment and MLT therapy both 
exhibit immuno-stimulatory actions and preliminary 
reports indicate that hormonal (DHEA or MLT) sub- 
stitution therapy reverses immunosenescence in 
mice. Similarly, exercise in some studies has been 
shown to enhance the immune response. However, 
these findings have not been confirmed by other 
laboratories. Thus, at the present time, it is difficult 
to draw any definitive conclusions on the efficacy of 
DHEA, MLT, and exercise on reversing or restoring 
the aging immune system. 
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INTRODUCTION 

The age-related decline in the immune system has been 
extensively documented in humans and in rodents (re- 
viewed in 1-5). Of clinical importance is the observation 
that the decrease in immunologic function with age is 
accompanied by an increase in incidence of various 
age-associated diseases, e.g., infections, cancer and 
certain types of autoimmunity (6,7). Therefore, the age- 
related changes in the immunologic response appear to 
be very important physiologically in mammals. Evi- 
dence from both humans and rodents show that the T 
cell-dependent immune functions are more sensitive to 
aging than other immune cells. Defects in T cell prolif- 
erative capacity~responsiveness, cytotoxicity, interleukin- 
2 (IL-2) production and receptor expression, calcium 
signal generation and signal transduction are frequently 
cited problems observed with immunosenescence. 

Because the immune system plays an important role 
in aging and because the decline in immune status may 
be linked to the development of many age-associated 
diseases (8), a number of intervention strategies have 
been proposed to prevent the age-related loss of im- 
mune function in old animals. These intervention meth- 
ods include transplanting various immune cells from 
young donors into old recipients (9-12), IL-2 therapy 
(reviewed in 13), hormonal therapy, e.g., thymic hor- 
mone (14,15), androgenic hormone DH EA (16,17), pi- 
neal hormone MLT (18,19), nutritional regimens (20,21), 
and exercise (22-24). In addition, recent studies by 
Chandra (25) and Bogden et al. (26) have shown that 
supplementation with multi-vitamins and minerals im- 
proves the immune response in the elderly human 
subjects. Similarly, Meydani et al. (27) have shown that 
vitamin E supplementation improves the immune re- 
sponse in healthy elderly subjects. Among the different 
intervention strategies employed thus far, nutritional 
manipulation, in particular reduction of caloric intake has 
been found to be a robust tool in increasing longevity 
(28,29) and retarding/reducing immunosenescence 
(20,21,30). In recent years, a number of reviews have 
been written on the anti-aging effect of DR (25,26), 
DHEA (31,32), and MLT (33,34). The purpose of this 
review is to examine the current literature regarding the 
intervention in aging immune function by DR and hor- 
monal (i.e., DHEA and MLT) manipulation. In addition, 
the potential influence of exercise, known to modulate 
immune function, will be discussed in relation to aging. 
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Influence of Dietary Restriction on the 
Aging Immune System 

The initial study in the 1930's by McCay et al. (35) 
showed that severe reduction of food intake in rats 
increased the life span dramatically, Subsequent stud- 
ies in the 1950s and t 960s demonstrated that dietary 
restriction (i.e., undernutrition, not malnutrition) signifi- 
cantly prolonged the survival of rodents (28,29). This 
prolongation has been observed with a variety of differ- 
ent techniques that reduce the amount of food con- 
sumed by rodents (36). Over the past decade, it has 
become apparent that the reduction in total calories is 
the component of the dietary restriction regimen respon- 
sible for the increase in survival (28,36,37). Numerous 
laboratories have shown that dietary restriction not only 
increases the survival of rodents, but also retards/ 
reduces the incidence of a variety of age-associated 
diseases such as cancer and renal disease (30,36,37). 

Because it is well documented that dietary restriction 
enhances longevity and reduces pathology, there has 
been a great deal of interest on whether dietary restric- 
tion decreases pathology through its action on the 
immune system (8). One of the classical tests of immune 
status is mitogen/antigen-induced lymphocyte prolifera- 
tion. The initial study in this area was conducted by 
Walford's laboratory, which showed that lymphocyte 
proliferation in response to phytohemagglutinin (PHA) 
and pokeweed mitogen (PWM) was similar for control 
and dietary restricted mice at 4 months of age. However, 
at 12 and 28 months of age, lymphocytes from dietary 
restricted mice showed higher proliferation in response 
to these two mitogens (8). Several other studies by 
Walford's laboratory with other strains of mice confirmed 
the initial observation that mitogen-induced lymphocyte 
proliferation was greater for mice fed a restricted diet 
(38). Since 1974, a number of different laboratories 
using various strains of mice and rats have confirmed 
the initial observation by Walford's group that the prolif- 
erative response of lymphocytes to mitogen was greater 
for mice fed a restricted diet (40% reduction in calories). 
In some studies, the influence of dietary restriction on 
immunologic function was conducted in young or middle- 
aged animals, whereas in others the effect of DR has 
been documented in truly aged animals. These studies 
aresummarizedinTable 1. Inthemajodtyofthestudies, 
polyclonal activators such as PHA, Concanavalin A 
(ConA), PWM, PPD (purified protein derivative), or anti- 
CD3 antibody, were used to stimulate lymphocytes. In 
some studies, however, antigens (e.g., alloantigen) were 
used to activate lymphocytes. 

The data in Table 1 show that the immune response 
decreases with age and that dietary restriction reduces 
the age-related decrease in immunologic responses 
such as mitogen-induced lymphocyte proliferation, 
cytokine production, and antibody responses. Thus, the 
overwhelming majority of the studies show that dietary 
restriction enhances the immune response and this 
increase ranges from 35% to 450%. For example, in an 

early study, Fernandes's laboratory reported that mito- 
gen-induced lymphocyte proliferation and IL-2 produc- 
tion were reduced dramatically with age in short-lived 
autoimmune-prone strain NZB/W mice (39). Dietary 
restriction significantly reduced the age-related decline 
in mitogenesis and IL-2 production by splenocytes from 
NZB/W mice. In another study, they showed that IL-2 
activity, as well as IL-2 receptor (IL-2R) expression 
(number of IL-2R site per cell) was increased signifi- 
cantly in ConA stimulated splenocytes isolated from the 
19-month-old F344 rats fed a restricted diet compared to 
the rats fed ad libitum (40). Using a limiting dilution 
assay, Miller's group found that the percentage of IL-2 
producing cells decreased with age; however, this de- 
cline was less in mice fed a restricted diet. For example, 
32-month-old mice fed ad libitum retained only 15% of 
their helper T cell function (measured as IL-2 producing 
cells) compared to 7-month-old control mice. In old mice 
fed a restricted diet, 53% of helper T cell function was 
retained (41). The immunoenhancing effect of dietary 
restriction is not only restricted to changes in mitogen- 
esis and cytokine production, but also leads to changes 
in the percentage and phenotypic expression of T cells. 
It has been shown that the percentage of T cells (CD3§ 
cytotoxic/suppressor T cells (CD8 § and natural killer 
(NK) cells (OX8 § OX19-) were increased in 8-month-old 
dietary restricted Lobund-Wistar rats compared to the 
control rats fed ad libitum (42). Thus, these studies 
indicate that dietary restriction enhances the immune 
function and retards/reduces the age-related decline in 
immune responses in rodents. 

In 1990, we reported that dietary restriction signifi- 
cantly increased the immune response in aged rats (43). 
In this study, at 6 weeks of age Fischer 344 rats were 
subjected to a restricted diet (60% of the diet consumed 
by rats fed ad libitum). After 5, 12, 21, and 28 months of 
age, ConA induction of proliferation and IL-2 production 
(activity) by spleen tymphocytes were measured. As 
shown in Figure 1, the proliferative response of lympho- 
cytes to ConA in both dietary restricted rats and ad 
libitum fed rats declined significantly with increasing 
age. No differences were observed in mitogenesis and 
IL-2 production between dietary restricted rats and the 
ad libitum fed rats at 5 and 12 month of age. However, 
the induction of proliferation and IL-2 expression was 
significantly higher in 21 and 28-month-old dietary re- 
stricted rats compared to the rats fed ad libitum. In 
addition, we found that the increase in IL-2 activity was 
paralleled by an increase in the levels of the IL-2 mRNA 
transcript. This was the first study to demonstrate that 
dietary restriction alters IL-2 expression at the level of 
transcription. 

Over the past decade, the expression of heat shock 
genes has been used as a model for studying the 
regulation of gene expression at the transcriptional 
level. Heat shock protein 70 (hsp70), which belongs to 
the HSP70 family, isthe most inducible of the heat shock 
proteins by stress, and this protein appears to play a 
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Table 1. Influence of Dietary Restriction and Aging on Immunologic Function 

Species Strain Age Lymphoid Immune Change Change with Ref 
(months) Cells Parameters with Age Restriction 

Rat F344 6-24 

Wistar 3 

F344 5-28 

B.Norway 6-30 

Wistar 6 
Buffalo 6 
Wistar 12 
Buffalo 12 

Wistar 4-27 

F344 4 

F344 4-19 

F344 6-27 

F344 6-24 

F344 6-24 

Mouse C3H/He 2 

C3B10RF1 2 

C57BU6J 8 

C57B~10 8 
C57BU6J 4 

C3B10RF1 

BDF1 

B6CBAT6F1 

C57B~10 

(Continued on next page) 

12 

4-28 

3-30 

7-30 

3-24 

Splenocyte Proliferation (ConA) Decrease Increase 49 
IL-2 activity Decrease Increase 

Splenocyte Proliferation (ConA) Increase 50 

Splenocyte Proliferation (ConA) Decrease Increase 43 
Proliferation (LPS) Decrease Increase 
IL-2 activity/mRNA Decrease Increase 
IL-3 activity Decrease Increase 

Splenocyte Proliferation (ConA) Decrease Increase 51 
IL-2 activity Decrease No change 
I FN-~/ Increase Increase 

Splenocyte Antibody (SRBC) No change 52 
Antibody (SRBC) No change 
Antibody (SRBC) Decrease 
Antibody (SRBC) No change 

Spienocyte Proliferation (ConA) Decrease Increase 53 

Splenocyte Proliferation (PHA) No change 54 
Proliferation (ConA) No change 
IL-2 activity No change 
IL-2 receptor/cell No change 

Splenocyte Proliferation (PHA) Decrease Increase 40 
Proliferation (ConA) Decrease Increase 
IL-2 activity Decrease Increase 
IL-2 receptor/cell Decrease Increase 

Splenocyte IL-2 activity Decrease Increase 55 
Cytotoxicity Decrease No change 

T cells IL-2 mRNA Decrease Increase 48 

T cells IL-2 activity/mRNA Decrease Increase 56 
NFAT activity Decrease Increase 

Splenocyte Proliferation (MLR) Increase 57 
IL-2 activity Increase 

Splenocyte Proliferation (PHA) Increase 58 
Proliferation (ConA) Increase 
Proliferation (PWM) Increase 
Proliferation (LPS) Increase 

Splenocyte Proliferation (PHA) Increase 59 
Proliferation (ConA) Increase 
Proliferation (MLR) Increase 
Proliferation (PPD) No change 
Proliferation (PWM) No change 
Proliferation (LPS) No change 

Splenocyte NK activity Increase 60 
Splenocyte Proliferation (PHA) Decrease 8 

Proliferation (ConA) Decrease 
Proliferation (PWM) No change 

Splenocyte Proliferation (PHA) No change 
Proliferation (ConA) No change 
Proliferation (PWM) No change 

Splenocyte Proliferation (PHA) Decrease Increase 61 
Proliferation (ConA) Decrease Increase 

Splenocyte Proliferation (CD3) Decrease Increase 63 
CD4+ T cell Decrease Increase 
CD8+ T cell No change Increase 
Calcium flux Decrease Increase 

Splenocyte pHTL (precursor) Decrease Increase 41 
pCTL (precursor) Decrease Increase 

Splenocyte Proliferation (CD3) Decrease Increase 61 
CD4+ T cell Decrease Increase 
CD8+ T cell Increase No change 
Calcium flux Decrease No Change 
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Table 1 (continued) 

Species Strain Age Lymphoid Immune Change Change with Ref 
(months) Cells Parameters with Age Restriction 

Mouse B10C3F1 6 Splenocyte Proliferation (PHA) No change 62 
Proliferation (ConA) Increase 

B10C3F1 12 Splenocyte Proliferation (PHA) Increase 
Proliferation (ConA) Increase 

B10C3F1 32 Splenocyte Proliferation (PHA) Increase 
Proliferation (ConA) Increase 

B6D2F1 6-30 Splenocyte Proliferation (PHA) Decrease Increase 63 
Proliferation (ConA) Decrease Increase 
Proliferation (LPS) Decrease Increase 
Proliferation (SEB) Decrease Increase 
IL-2 activity Decrease Increase 
IFN-x Increase No change 
CD4+pgpl -(naive) Decrease Increase 
CD4+pgpl+(Memory) Increase Decrease 

NZB/W 4 Splenocyte Cytotoxicity No change 66 
Antibody (SRBC) No change 

NZBXNZW 7-10 Splenocyte Proliferation (ConA) Decrease Increase 39 
Proliferation (LPS) Decrease Increase 
IL-2 activity Decrease Increase 
Antibody (SRBC) Decrease Increase 
G.V.H. Decrease Increase 
Cytotoxicity Decrease Increase 

NZB/W 2-11 Splenocyte Proliferation (ConA) Decrease Increase 64 

NZB/W 4 Splenocyte Proliferation (ConA) No change 65 
Proliferation (PHA) No change 
Proliferation (LPS) Increase 
IL-2 activity Increase 
Cytotoxicity Decrease 
Antibody (SRBC) Increase 

NZB/W 3-11 Splenocyte Proliferation (ConA) Decrease Increase 67 
IL-2 activity Decrease Increase 

Mouse NZB/W 6 Splenocyte Proliferation (PWM) Increase 65 
Proliferation (LPS) No change 
IL-2 activity Increase 
Cytotoxicity Increase 
Antibody (SRBC) Increase 

ConA, concanavalin A; PHA, phytohemagglutinin; LPS, lipopolysacchadde; PWM, pokeweed mitogen; MLR, mixed lymphocyte reaction; PPD, purified 
protein derivative; SEB, staphylococcal Enterotoxin B; IL-2, interleukin-2; IL-3, interleukin-3; IFN-% Interferon-gamma; SRBC, sheep red blood cell; NK, 
natural killer; pHTL, precursor of helper T lymphocyte; pCTL, precursor of cytotoxic T lymphocyte. 

critical role in protecting cells against the adverse effects 
of heat shock and other stresses (reviewed in 44, 45). In 
addition, heat shock proteins appear to play an impor- 
tant ro~e in the function of cells in the immune system 
(reviewed in 46, 47). Recently, our laboratory reported 
a study on the effect of dietary restriction and aging on 
the induction of heat shock protein 70 (hsp70) expres- 
sion by hyperthermia and IL-2 expression by ConA. We 
found that the induction of hsp70 expression (protein 
and mRNA levels) and IL-2 expression (activity and 
mRNA levels) decreased significantly with age. The 
decrease in IL-2 mRNA level with age was attenuated by 
dietary restriction. However, dietary restriction had no 
significant effect on the age-related decrease in hsp70 
expression (48). Thus, our study indicated that the effect 
of dietary restriction in altering the levels of mRNA 
transcript appears to be gene-dependent. 

How does dietary restriction specifically alter the 
transcription of a gene? It is currently known that 

transcription requires the recognition of numerous DNA 
sequences by a diverse group of proteins, which are 
termed transcription factors. Transcription factors rep- 
resent one of the largest and most diverse classes of 
DNA-binding proteins, and they regulate gene expres- 
sion at the level of transcription. Over the past decade, 
it has become evident that these proteins play a critical 
role in development, differentiation and cellular prolif- 
eration (68-70). Thus, changes in the activities or levels 
of transcription factors could be a mechanism whereby 
dietary restriction alters the transcription of genes in a 
specific manner. We postulated that dietary restriction 
alters a transcription factor that plays a critical role in the 
regulation of the IL-2 gene. Transcription of the IL-2 
gene is regulated by the binding of several transcription 
factors (NFAT, NF-KB, AP-1, AP-3, and OCT), of which 
NFAT (nuclear factor of activated T cell) plays a pre- 
dominant role (71,72). Using nuclear extracts from 
ConA-stimulated T cells isolated from young and old rats 
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Figure 1. Influence of dietary restriction and aging on mitogen- 
induced lymphocyte proliferation and IL-2 expression in F344 
rats. Spleen lymphocytes were isolated from dietary restricted 
(DR) and ad libitum (AL) fed rats of various ages and were 
cultured with or without ConA. Proliferation was measured by 
liquid scintillation counting and expressed as stimulation index 
(S.I.), which is defined as the ratio of [3H]-thymidine incorpora- 
tion by ConA divided by [3H]-thymidine incorporation without 
ConA. IL-2 activity in supernatant of cultured lymphocytes was 
measured using an IL-2-dependent T cell line and was ex- 
pressed as UniVml. IL-2 mRNA levels were determined by dot 
blot hybridization using cytoplasmic extracts prepared from 
lymphocytes pooled from the 4 animals. The blot was analyzed 
by densitometry and expressed as arbitrary units (area). Data 
were taken from Pahlavani, et al. (40). The values (*) for the 
dietary restricted rats were significantly different from the val- 
ues for the rats fed ad libitum at p<0.05. 

fed ad libitum and old rats fed a restricted diet, our 
laboratory measured the induction of NFAT binding 
activity with a gel shift assay (56). The results of this 
study which is summarized in Figure 2 show that the 
induction of NFAT binding activity was significantly less 
in nuclear extracts from T cells isolated from old rats 
compared to the level from young rats. The binding 
activity of NFAT was significantly higher in nuclear 
extracts isolated from old rats fed a restricted diet than 
old rats fed ad libitum. In addition, the data in Figure 2 
show that the increase in NFAT binding activity in dietary 
restricted rats correlates with an increase in IL-2 gene 
expression. Thus, our study seems to indicate that 

dietary restriction alters the transcription of IL-2 through 
changes in the NFAT transcription factor. 

Immunomodulatory Role of 
Dehydroepiandrosterone 
Research over the past decade has shown that the 
androgenic hormone dehydroepiandrosterone (DHEA) 
produces diverse biological effects in humans and ex- 
perimental animals. For example, DHEA has been shown 
to be involved in various physiological/pathological 
conditions such as obesity, cancer, diabetogenesis, 
atherosclerosis, osteoporosis, etc. (for review see ref 
31,32,73). In 1979, Schwartz (74) suggested that 
DHEA may mimic the beneficial effects of dietary restric- 
tion, in modulating various age-associated diseases, 
e.g., cancer. The mechanisms by which DHEA exerts its 
diverse action are unknown. However, DHEA is of 
interest to gerontologists because the adrenal produc- 
tion of DHEA decreases dramatically with increasing 
age in mammals and there is an inverse relationship 
between plasma concentration of DHEA and incidence 
of various age-associated diseases, such as infection 
and cancer. Moreover, DHEA therapy has been shown 
to reduce the occurrence of such diseases (75-77). 

DHEA does not appear to have any effect on the 
histomorphology of lymphoid tissues or the immune 
function of the uninfected host. However, in the pres- 
ence of pathogenic infection, DHEA exhibits an 
immunoprotective action on the host. For example, a 
single subcutaneous injection of DHEA into mice resulted 
in protection from lethality of various infectious agents 
such as Coxsackie B enterovirus, herpes type 2, and 
Enterococcus faecalis (78,79). Similarly, DHEA therapy 
reduced mortality in mice infected with West Nile virus 
(WNV), Sinbis virus neurovirulent, and Semliki Forest 
virus (80). Subcutaneous injection of DHEA prevented 
the development of WNV lethality in cold stressed mice 
(80). In another study, it was reported that DHEA 
therapy enhanced the immunologic response of rats, 
which were immunosuppressed by dexamethasone treat- 
ment and then infected with Cryptosporidium parvum 
(81). The levels of proinflammatory cytokine, i.e., 
interleukin-6, were found to be lower in DHEA-treated 
animals that were exposed to various stressors such as 
sepsis, endotoxin exposure, or burns (82). These stud- 
ies did not provide definitive evidence that the antibac- 
terial and/or antiviral effect of DHEA as a result of a direct 
effect of the steroid on pathogens; however, they indi- 
cated that protection from lethality of various infectious 
agents was due to the stimulatory effect of DHEA on the 
immune system. 

During the last several years, a number of studies 
have been reported on the effect of DHEA on various 
immune responses. These studies, which were con- 
ducted mostly in young mice (2 to 7 months) are listed in 
Table 2. In these studies, DHEA or DHEAS (dehydro- 
epiandrosterone-sulfate) was supplemented in the diet, 
in drinking water, or administered subcutaneously. The 
DHEA concentrations ranged from 10 IJg to 10 mg/day, 
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Figure 2. Effect of age and dietary restriction on the induction of IL-2 activity, IL-2 mRNA levels, and DNA binding activity of transcription 
factor NFAT. Splenic T cells isolated from control young (6 month) and old (24 month) rats and dietary restricted old (24 months) rats 
were stimulated with ConA. tL-2 activity was measured using an IL-2-dependent T cell line (CTLL-20) and mRNA levels were determined 
by Northern blot analysis. The NFAT binding activity of the nuclear extracts was measured by the gel mobility shift assay. Data were 
taken from Pahlavani, et al. (66). The value (*) for young rats was significantly different from the value for the old rats fed ad libitum and 
dietary restricted old rats at p<0.001. The values (**) for dietary restricted old rats were significantly different from the value for the old 
rats fed ad libitum at p<0.05. 

and the duration of treatment ranged from 4 days to 18 
months. Following the treatment, lymphocytes from 
various lymphoid tissues (e.g., spleen, thymus, bone 
marrow, or blood) were used to assess the effects of 
DHEA/S on cellular and/or humoral immune responses. 
Although the majority of the studies were conducted in 
vivo, in several in vitro studies, the splenocytes or 
thymocytes were directly exposed to various concentra- 
tions of DHENS ranging from 10 -s to 10-11M for duration 
of 45 min to 48 hours. It is clear from the data in Table 2 
that the effects of DHEA/S vary considerably from one 
study to another. For example, Daynes et al. (83) 
reported that exposure of mice splenic T cells to DHEA/ 
S, prior to mitogenic stimulation, produces a high level of 
cytokines (i.e., IL-2 and IFN-~/) compared to the splenic 
T cells isolated from the non-treated mice. However, a 
study from Padgett et al. (84) showed that exposure of 
mice lymphocytes to DHEA resulted in a decrease in 
various immune parameters such as mitogenesis and 
cytokine (e.g., IL-2 and IL-3) production. In addition, a 
study from Risdon et al. (85) showed that DHEA treat- 
ment (0.45% DHEA in diet for a period of 6 to 8 weeks) 
in mice had no significant effect on various immune 
parameters including antibody responses, cutaneous 
sensitivity reactions, NK cell activity, or graft-versus- 
host reactions. 

In 1991, Daynes et al. (16) suggested that some of the 
age-related decline in the immune system (i.e., deficit in 
T cell function) is linked to the decline in DHEA produc- 
tion that occurs during the aging process. They provided 
evidence showing that chronic oral administration of 
DH EAS in mice reverses immunosenescence and main- 
tains their capacity to produce a "young-like" pattern of 
immunologic response, a response that diminishes 
markedly in untreated old mice. For example, the 

quantity and pattern of cytokines (i.e., IL-2, IL-3, GM- 
CSF, IL-4, IL-5, and IFN-~,) produced by the activated T 
cells, and the antibody response to a foreign antigen 
obtained from the DHEA-treated old mice were similar to 
the non-treated young mice. More astonishingly, they 
reported that even acute treatment, either giving a single 
injection of DHEA or atopic application of DHEA to the 
skin of old mice 24 hours prior to assay or immunization 
was as effective as chronic oral administration (16). 
Subsequent studies from Daynes laboratory have shown 
that DHEA treatment reverses age-associated changes 
in humoral immune responses in mice. For example, 
they reported that treatment of aged mice with DHEA 
prior to immunization with a recombinant vaccine against 
hepatitis B antigen (rHBsAg) enhanced their capacity to 
elicit a vigorous primary and secondary antibody re- 
sponse against hepatitis B viral antigen (17). These 
studies strongly suggested an anti-immunosenescence 
role of DHEA and supported a "cause-effect" relation- 
ship between the decrease in endogenous production of 
DHENS during aging and the loss of immunologic 
responses with age. Although Daynes et al. (83) 
reported that in vitro DHEA treatment increases I L-2 and 
IFN--/production in a mouse model, other studies found 
no changes in immune responses when lymphocytes 
were exposed directly to DHEA using mice or rat models 
(84-86,87,88). For instance, in a recent study in our 
laboratory, we tested a broad range of DHEA concentra- 
tions (i.e., from 10 .8 up to 10" pg/ml) and found that the 
concentration of 10-6to 10 .4 pg/ml only slightly increased 
mitogen-induced lymphocyte proliferation in young and 
old rats. In this study, we observed that regardless of 
whether lymphocytes were cultured in FCS (fetal calf 
serum) or with serum-free medium (Nutridoma-SR), the 
in vitro DHEA treatment had no significant effect on the 
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Table 2. Immunomodulatory Role of DHEA 

Species Strain Age Lymphoid Immune DHEA/S DHEA/S Change with Ref 
(months) (Cells) Parameter Dose Treatment DHEA 

Mouse NZB/WF1 7 Blood/Serum IgG 0.4% in diet, 5 mo No change 69 
IgM No change 

Macrophage Phagocytosis No change 
Splenocyte Proliferation (ConA) No change 

Proliferation (PHA) No change 
Proliferation (LPS) No change 

C3H/HeN 1 Splenocyte Proliferation (ConA) 10 .5 - 10 -8 M in vitro, 24 h No change 87 
Proliferation (PHA) No change 
Proliferation (PWM) No change 
Proliferation (LPS) No change 

C57BL./6N 2 Splenic T cell CD4+ T cell (%) 10 pg/day S.C., 3 wk Increase 80 
CD8+ T cell (%) Increase 
B cells (%) Increase 

C57BL/6J 2 Splenocyte Antibody (SRBC) 0.4% in diet, 2 mo No change 90 
NK activity No change 
C.S.R. No change 
G.V.H. No change 

C3H/HeN 5-25 Splenic T cell IL-2 100 pg/ml oral, 11 mo Increase 17 
IL-4 Decrease 
IL-5 Decrease 
I FN--,/ Decrease 

C57BL/6J 2 Proliferation (ConA) Decrease 84 
IL-2 and IL-3 Decrease 

B6D2F1 2 Erythropoiesis No change 88 
Thymocyte No. No change 
NK activity No change 
B cells (B220+) Decrease 

Splenocyte 5X10 ~ - 10 -g M in vitro, 24 h 

Splenocyte 0.4% in diet, 2 wk 
(Irradiation) 

Bone Marrow 
(Irradiation) 

CB-17 5 Splenocyte Antibody (pnu vaccine) 10 pg/d S.C., 1 wk Increase 92 
17 Antibody (pnu vaccine) Increase 

Balb/c 5 Splenocyte Antibody (pnu vaccine) 100 IJg/d S.C., 1 wk Increase 92 
24 Antibody (pnu vaccine) Increase 

C57BL10.SN 4.5 Splenocyte Proliferation (PHA) 0.4% in diet, 3.5 mo Increase 93 
Proliferation (ConA) Increase 
NK activity No change 

C3H/HeN 5-25 Splenic T cell IL-2 100 pg S.C., 24 h Increase 94 
IL-4 Decrease 
IFN-~ Decrease 

C3H/HeN 6-28 Splenic T cell IL-6 100 pg/ml oral, 2.5 mo Decrease 95 
Blood/Serum IgM Decrease 

IgA Decrease 
IgG1 Decrease 

(C3HXC57)F1 5 Splenocyte IL-2 10 .7 mole/liter in vitro, 45 min Increase 91 
IFN-~/ Increase 

(C3HXC5B)F1 10-25 Splenocyte Antibody (rHBsAg) 100 pg S.C., 24 h Increase 17 

Barb/c 6 Splenic T cell IL-2 100 pg/d S.C., 3 d. Increase 77 
IL-4 No change 

Balb/c 6-24 Splenic T cell IL-6 100 poj'ml oral, 2.5 mo Decrease 95 

Balb/c 3-28 Splenocyte IL-2 100 pg/ml oral, 18 mol Increase 16 
IL-3 Increase 
GM-CSF Increase 
IL-4 Decrease 
IL-5 Decrease 
IFN-3, Decrease 
Antibody (OVA) Increase 

Splenocyte Antibody (CVB4) 1 g/kg S.C., 10 d. No change 78 C57BL/6J 2 

(Continued on next page) 
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Table 2 (continued) 

Species Strain Age Lymphoid Immune DHENS DHENS Change with Ref 
(months) (Cells) Parameter Dose Treatment DHEA 

Mouse Balb/c 2 Thymus Involution by 1.6 mg/ml S.C., 4 d. Decrease 96 
(Dex. treated) 

Thymocyte Cell Lysis (in vitro) No change 
(Dex. treated) 

Rat 

C57BL/6J 2 Splenocyte Proliferation (ConA) 10 .6 - 109 M in vitro, 24 h Decrease 83 
Proliferation (LPS) Decrease 
IL-2 activity Decrease 
IL-3 activity Decrease 

HRS/J 2 Splenocyte Antibody (CVB4) 1 g/kg S.C., 10 d. No change 78 

S. Dawley 2 Splenocytes Proliferation (ConA) 120 mg/day S.C., 2 wk No change 80 
Proliferation (LPS) No change 
NK cell activity No change 
Antibody (SRBC) No change 

F344 6 Splenocyte/T cell Proliferation (ConA) 101-10 .8 mg/ml in vitro, 24 h No change 86 
IL-2 activity No change 
IFN-~/ No change 

24 Splenocyte/T cell Proliferation (ConA) 10-1-10 -8 mg/ml in vitro, 24 h No change 
IL-2 activity No change 
IFN-~, No change 

Human HIV patient >18 Blood (MNC) CD4+ T cells (%) 750 mg/day oral, 4 mo No change 97 

CD48 T cells (%) No change 

Serum p24 Antigen No change 

HIV patient ACH-2 cell l ine NF-KB binding 100 pM in vitro, 12 h Decrease 98 

Healthy ? Blood 

Healthy 53-69 Blood MNC 

Cell line 

IL-2 10 ̀8 - 10 '1 M in vitro, 48 h Increase 99 
IL-2 mRNA Increase 
Cytotoxicity Increase 

Proliferation (PHA) 50 mg oral, 20 wk Increase 100 
IL-2 activity Increase 
IL-2R Increase 
NK activity Increase 
Antibody (CVB4) 2-20 IJM in vitro, 12 h No change 78 

MNC, mononuclear cell; ConA, concanavalin A; PHA, phytohemagglutinin; LPS, lipopolysaccharide; PWM, pokeweed mitogen; IL-2, interleukin-2; IL-4, 
interleukin-4; IL-5, interleukin-5; IL-6, interleukin-6; IFN--/, interferon-gamma; G-M-CSF,granulocyte-macrophage-colony stimulating factor; TNF-c~, tumor 
necrosis factor-alpha; SRBC, sheep red blood cell; OVA, ovabumin; NK, natural killer; C.S.R., cutaneous sensitivity reaction; G.V.H., graft versus host; 
Dex, dexamethasone; rHBsAg., recombinant hepatitis B antigen; S.C., subcutaneous. 

proliferative response to ConA or IL-2 or IFN-~/produc- 
tion in ~ymphocytes isolated from either young or old rats 
(86). Thus, while some studies in mice have shown that 
DHEA has immunost imulatory  and ant i - immuno- 
senescenct effects, these results have not been consis- 
tently reported by others. Further studies are needed to 
confirm the immunoenhancing effect of DHEA in experi- 
mental animals and humans. 

Immunomodu la to ry  Effect of Melatonin 

The pineal hormone melatonin (MLT) which is princi- 
pally involved in photoperiodic and seasonal information 
has also been linked to modulating the immune function 
(reviewed in ref 18,101-103), The initial studies on the 
immunomodulatory role of MLT were reported by 
Maestroni et al. (104,105) who showed that the inhibition 
of MLT synthesis by 13-blockers or permanent lighting 
suppressed the immune function in mice and that MLT 

therapy counteracts these effects. Subsequent studies 
from Maestroni's group and others have indicated that 
MLT has an immunomodulatory effect, i.e., it enhances 
the cellular and humoral immune responses in mice 
(reviewed in 102). These studies are summarized in 
Table 3. In these studies, MLT was administered 
subcutaneous ly  to p inea lec tomized and/or  non- 
pinealectomized young mice (2 to 8 months). The con- 
centrations used ranged from 1.5 pg/kg to 10 mg/kg for 
duration ranging from 3 days to 10 months. In a few in 
vitro studies, the sptenocytes or thymocytes were di- 
rectly treated with various concentrations of MLT (rang- 
ing from 1.5 pg/ml to 1.5 mg/ml) for duration of 25 min to 
24 hours. After MLT treatment, splenocytes and/or 
thymocytes were isolated and used to assess the effect 
of MLT on cellular and humoral immune responses. As 
shown in Table 3, pinealectomy reduces various immu- 
nologic functions, e.g., IL-2 production, NK cell activity, 
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Table 3. Immunomodulatory Role of Melatonin 

Species Strain Age Lymphoid Immune Pinealectomy Melatonin Change with Ref 
(weeks) (Ceils) Parameter Effect Dose Melatonin 

Mouse C57BL/6J 10 Splenocyte Antibody Response Decrease 10 mg/kg, S.C., 4 d Increase 104 

C57BL/6J 8 Splenocyte Proliferation (ConA) Decrease 10 mg/kg, S.C., 4 d 107 
C57BL/6J 8 Bone Marrow G/M-CFU Decrease 
Balb/c 10 Bone Marrow Granulocytes Decrease Increase 

Macrophages Decrease Increase 

Balb/c 5 Splenocyte Proliferation (ConA) Decrease 10 mg/kg, S.C., 4 d 108 

Balb/c 5 Splenocyte Cytotoxicity Decrease 0.1 mg/kg, S.C., 16 h Increase 109 

C57BU6J 5 Splenocyte IL-2 activity Decrease 100 mg/kg, S.C., 16 h Increase 110 
NK activity Decrease Increase 

Balb/c 3 Splenocyte Antibody (SRBC) 10 mg/kg, S.C., t wk Increase 105 
Proliferation (PHA) Increase 
Proliferation (LPS) Increase 
Proliferation (MLR) Increase 

C57BL/6J 2 Splenocyte Proliferation (ConA) 10 mg/kg, S.C., 4 d Increase 111 
NK activity Increase 
TNF-(~ Increase 

(C57BL/10 X 2 Splenocyte Antibody (HRB) 10 mg/kg, S.C., 4 d Increase 19 
BDA/2)F1 Helper T cell activity No change 

IL-2 activity No change 

Balb/c 60 Splenocyte DTH (Oxazalone) 10 pg/ml, 10 mo Increase 115 
C57BL/6 76 Splenocyte DTH (Oxazalone) 10 IJg/ml, 7 mo Increase 

(C57BL/10 X 12-19 Splenocyte Antibody (HRB) 10 mg/kg, S.C., 4 d Increase 106 
BDA/2)F1 Helper T cell activity Increase 

IL-2 increase 

C57BL/6J 2 Splenocyte G/M-CFU 10 mg/kg, S.C., 4 d. Increase 112 

Balb/c 12-72 Thymocyte Weight 10 pg/ml, 4 mo Increase 113 
Splenocyte Weight No change 

Cell number Increase 
CD4+ T cells No change 
Proliferation (PHA) Increase 
Proliferation (ConA) Increase 

Balb/c 24-40 Serum Viremia (SFV) 500 pg/kg, S.C., 3 d Decrease 114 

Balb/c 8-72 Thymus/spleen Apoptosis by Dex. 1 pg -llJg/ml, 20 h No change 116 

C57BL/6J 2 Splenocyte IL-4 1 mg/kg, S.C., 3 wk Increase 117 
Antibody Response Increase 

057BL/6J 3 Splenocyte Antibody (SRBC) 10 mg/kg, S.C. 1 wk increase 105 

Proliferation (MLR) increase 

House mouse 5 Thymus Involution by Dex. Increase 10 mg/kg, S.C., 4 d Decrease 118 

C57BL/6J 8 Splenocyte Proliferation (ConA) 20 IJg/kg, S.C., 4 d Increase 119 
Antibody (SRBC) Increase 

Thymus Involution Decrease 

(C57XDBA)F1 2 Splenocyte TNF-c( 10 mg/kg, S.C., 5 d Increase 120 
MHC-II Increase 
IL-1 increase 

Rat 
Wistar 4 Thymocyte Apoptosis by Dex. 10 -~ -10 -1~ M, 6 h No change 121 

F344 24 Splenocyte/T cell Proliferation (ConA) 10 pg-10 mg/ml, 24 h No change 122 
IL-2 activity No change 
IFN-~, No change 

96 Splenocyte/T cell Proliferation (ConA) 10 pg -10 mg/ml, 24 h No change 122 
IL-2 activity No change 
IFN-~, No change 

(Continued on next page) 
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Table 3 (continued) 

Species Strain Age Lymphoid Immune Pinealectomy Melatonin Change with Ref 
(weeks) (Cells) Parameter Effect Dose Melatonin 

Hamster 

Human 

Syrian ? Splenocyte Antibody Response 1 mg/kg, S.C., 7 wk Increase 123 

?? Blood/serum slL-2R 1-10 pg/ml, S.C., 6 d No change 125 
TNF No change 

30-50 Blood (MNC) Chromosome 0.5-21JM, 20 min Decrease 126 
(irradiation) Aberration 

35-55 Blood (MNC) IL-lmRNA 5 X 10 -~1 M, 12 h Increase 124 

MNC, mononuclear cell; ConA, concanavalin A; PHA, phytohemagglutinin; MLR, mixed lymphocyte reaction; LPS, lipopolysaccharide; PWM, pokeweed 
mitogen; IL-1, interleukin-1; IL-2, interleukin-2; slL-2R, soluble IL-2 receptor; IL-4, ieterleukin-4; IFN-~, interferon-gamma; G/M-CFU, granulocyte/ 
macrophage-colony forming unit; TNF-~, tumor necrosis factor; SRBC, sheep red blood cell; HRB, horse red blood; NK, natural killer; MHC, major 
histocompatibility complex; DTH, delayed type hypersensitivity; Dex, dexamethasone; S.C., subcutaneous. 

antibody response, and the number of bone marrow 
progenitor cells (granulocyte macrophage-colony form- 
ing unit), and MLT treatment counteracts the immuno- 
suppression caused by acute restraint stress, cortico- 
sterone treatment, or pinealectomy). For example, 
studies by Caroleo et al. (19,106) showed that MLT 
administration reversed thymus involution and restored 
the proliferative response of thymocytes to mitogenic 
lectins in non-pinealectomized old mice, and in the 
young mice that were immunodepressed by acute re- 
straint stress or by corticosterone treatment (101). 

MLT administration has been shown to have benefi- 
cial effects not only on histomorphology of the lymphoid 
tissues (e.g., thymus and spleen), but also on lymphoid 
cells (e.g., T cells and B cells). For example, treatment 
of both normal or immunosuppressed mice with MLT 
resulted in an increase in the function of B cells in 
producing antibodies in vitro as well as in vivo (34). 
Likewise, the production of various cytokines (e.g., IL-2 
and IFN-~,) by spleen lymphocytes increases with MLT 
treatment in non-pinealectomized mice (Table 3). MLT 
therapy also has stimulating effects on the function of 
macrophages. Antigen presentation by splenic mac- 
rophages to T cells was shown to increase in mice 
treated with MLT. The enhancement in macrophage 
function was shown to be correlated with an increase in 
the expression of the major histocompatibility complex, 
class II molecules, as well as an increase in IL-1 and 
TNF-oL production (120). Moreover, the expression of IL- 
l mRNA levels by monocytes was found to increase in 
humans treated with MLT (124). Although a number of 
in vivo studies indicate that MLT therapy enhances the 
immunologic function, the studies conducted in vitro 
show that MLT treatment has no effect on the function of 
lymphocytes in rodents, raising the possibility that the 
effects of MLT in vivo are indirect. For example, our 
laboratory has recently reported that treatment of mixed 
spleen lymphocyte populations or purified T cells with 
MLT did not significantly alter ConA-induced lympho- 
cyte proliferation or IL-2 or IFN-.,/ expression in cells 
isolated from either young or old rats (122). Similarly, a 
study by Provinciali et al. (116) in mice has also shown 

that in vitro MLT treatment (ranging from 1.5 pg/pl to 1.5 
mg/ml) produced no effect on the percent apoptotic 
nuclei induced by serum deprivation or by dexametha- 
sone treatment in thymocytes or splenocytes. In addi- 
tion, a study by Karasek et al. (127) showed that in vitro 
MLT treatment (at concentrations of 10 .2 M to 10 -11 M) 
was ineffective on proliferation of transplanted hepatoma 
cells into the Syrian hamster. One possible explanation 
for the lack of effect of MLT in vitro could be due to the 
indirect action of this hormone. It is highly probable that 
the immunostimulatory effect of MLT that has been 
reported in vivo could result from an indirect effect that 
might involve other hormones or cytokines. Therefore, 
it remains to be determined whether the immuno- 
stimulatory and anti-immunosenescent effect of MLT 
are restricted only to in vivo and/or to in vitro studies. 

Recent studies suggest that MLT may have therapeu- 
tic potential in the treatment of immunosuppressive 
conditions such as cancer and aging. The immuno- 
stimulatory effects of MLT are of particular interest to 
aging because the circulatory level of MLT decreases 
with age in humans and rodents (18,32,115). In addi- 
tion, several clinical and experimental studies suggest 
that the plasma level of MLT is inversely correlated with 
the occurrence of neoplastic diseases (103,128-134). In 
experimental animals, the removal of MLT by 
pinealectomy was shown to stimulate the growth of a 
variety of tumors (e.g., fibrosarcomas, ovarian carcino- 
mas, carcinogen-induced breast tumors, and melano- 
mas) (129-132). Hence, the observation that neoplasia 
is associated with low circulatory levels of MLT has 
offered a rationale for a therapeutic intervention, and a 
number of recent studies have demonstrated that MLT 
therapy suppresses cancer growth (reviewed in ref 
133,135). Several clinical studies have shown that MLT 
therapy, alone or in combination with IL-2, significantly 
decreases the progression of various tumors, e.g., car- 
cinomas (136), melanoma (135), renal (133,135), lung 
(135-138), and breast tumors (139-141). Cancer pa- 
tients, who were unable to tolerate the IL-2 therapy alone 
and who did not respond to standard anti-cancer chemo- 
therapies, were shown to have increased IL-2 tolerance, 
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and they exhibited an effective antitumor defense re- 
sponse when they were treated with a combination of 
MLT and IL-2 (134,135,142-148). Although the exact 
mechanism responsible for the anti-neoplastic action of 
MLT has not been determined, it has been suggested 
that MLT mediates its effect on hematopoietic progenitor 
cells, i.e., it increases the number of the granulocyte 
macrophage-colony forming unit (34,117). Additionally, 
MLT enhances IL-2-induced eosinophilia in cancer pa- 
tients by a mechanism that involves the synthesis of 
other T cell cytokines such as IL-4 and IL-5 (117). 
Another proposed mechanism is that MLT may exert its 
anti-cancer effect by enhancing immune function, i.e., 
by increasing the activity of tumor killing cells, such as 
NK cells and lymphokine-activated killer cells (134,135). 
Thus these studies indicate that MLT therapy reduces 
tumor growth and a combination of MLT and IL-2 is a 
well-tolerated therapeutic strategy in treating patients 
with cancer. 

In recent years, a great deal of interest has been 
generated over the possibility that MLT substitution 
therapy might also reverse the age-related changes in 
immunity. Three preliminary reports indicate that MLT 
therapy reverses immunosenescence in mice. 
Mocchegiani et al. (113) reported that MLT treatment in 
old mice increased the proliferative response of lympho- 
cytes to mitogen to a level that is similar to young mice. 
Also, a study by Caroleo et al. (19) showed that MLT 
administration increased the induction of IL-2 expres- 
sion by ConA in old mice to a level that is similar to young 
mice. Pierpaoli and Regelson (115) recently reported 
that survival of old mice was increased when the pineal 
glands of young mice were grafted into old mice. Fur- 
thermore, they showed that MLT administration pre- 
vented the age-associated thymic involution, and re- 
stored the cell-mediated delayed-type hypersensitivity 
response (115). In this study, the anti-aging and anti- 
immunosenescence effect of pineal transplant was at- 
tributed to the up-regulation of MLT secretion in the old 
mice that received the graft. However, this report has 
been subjected to criticism because the pineal gland of 
the strain of mice used in this study does not produce 
MLT (144). Thus, based on these limited studies, it is 
difficult at present to draw any conclusions on the 
efficacy of MLT in reversing/restoring aging immune 
system. 

Influence of Exercise on Immune Function 

Clinical studies have clearly demonstrated that regular 
exercise can lead to a significant improvement of car- 
diopulmonary function, and it is believed that good 
physical conditioning is equated with an improved resis- 
tance to infections, presumably by enhancing the im- 
mune function (150). In recent years, limited attention 
has been given to the role of exercise on the immune 
function and the available studies are presented in Table 
4. The research on the effects of exercise on immune 
function has primarily been conducted in young sub- 
jects; and there are only a few studies available on the 

effects of exercise on the aging immune system. Some 
reports indicated that exercise resulted in an increase in 
the immune function, and others reported that exercise 
induces immunosuppression. The discrepancy of the 
results could presumably arise from a number of factors 
such as experimental design, the intensity and duration 
of the imposed exercise and the age and heterogeneity 
of the groups of subjects investigated. In general, 
regular moderate exercise has been shown to increase 
cellular and humoral immune responses (151,155, 171, 
172). For example, Tharp and Preuss (155) showed that 
mitogen-induced lymphocyte proliferation was enhanced 
in rats subjected to treadmill exercise for 8 weeks 
compared to the sedentary controls. Similarly, Mahan et 
al. (151) reported that mitogen-induced lymphocyte 
proliferation was increased when rats underwent mod- 
erate swimming exercise for 10 weeks compared to the 
sedentary controls. In contrast to the immunoenhancing 
effect of moderate exercise, strenuous exercise has 
been associated with immunosuppression. For ex- 
ample, mitogen-induced lymphocyte proliferation 
(151,166,173-175) and I L-2 production (22,23,167) have 
been reported to decrease with strenuous exercise. The 
suppression of the immune function is correlated with 
the intensity of exercise, the greater the intensity, the 
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Figure 3. Effect of exercise and aging on mitogen-induced 
lymphocyte proliferation and IL-2 expression in F344 rats. 
Spleen lymphocytes were isolated from swim-exercised (SW) 
and sedentary control (SC) rats of various ages and were 
stimulated with ConA. Proliferation was measured by scintilla- 
tion counting and expressed as stimulation index (S.I.). IL-2 
activity in the supernatant of cultured lymphocytes was mea- 
sured using an IL-2-dependent cell line and was expressed as 
Unit/ml. Dataweretaken from Pahlavani, etal. (22). The values 
(*) for the swim-exercised rats were significantly different from 
the values for the sedentary control rats at p<0.001. 

163 



Table 4. Effect of Exercise on Immune Function 

Species Strain Age Lymphoid Immune Exercise Exercise Change with Ref 
(months) Cells Parameter Protocol Duration Exercise 

Rats 
Wistar 3 Spienocyte Proliferation (ConA) Swimming 10 wk Decrease ~51 

F344 8 Splenocyte Proliferation (ConA) Treadmill t 5 wk Decrease 23 
IL-2 activity Decrease 
Cytotoxicity Decrease 

17 Splenocyte Proliferation (ConA) Treadmill 15 wk Decrease 
IL-2 activity Decrease 
Cytotoxicity Decrease 

27 Splenocyte Proliferation (ConA) Treadmill 15 wk Increase 
tL-2 actfvity Decrease 
Cytotoxicity Decrease 

S. Dawley 4 

Wistar 3 

SHR 6 

S. Dawley 4 

F344 5 

12 

22 

Mouse 
C3He 3 

Balb/c 3 
14 

C57BL 3 

Hamster 

Human 

Balb/C 

C57BL/6J 

Golden 

4 
15 

3 

2 

19-27 

71-73 

? 

24-26 

25-50 

Blood (MNC) Proliferation (ConA) Swimming 5 d. Increase 152 
IL-2 activity Increase 
NK activity Increase 
CD4+ T cell (%) Decrease 
CD8+ T cell (%) Decrease 

(Continued on next page) 

Splenocyte Proliferation (PHA) 

Thymocyte Proliferation (ConA) 
Splenocyte Proliferation (ConA) 

Blood (MNC) Proliferation (ConA) 

Splenocyte Proliferation (ConA) 
Proliferation (LPS) 
IL-2 activity 

Splenocyte 

Splenocyte 

Proliferation (ConA) 
Proliferation (LPS) 
IL-2 activity 

Proliferation (ConA) 
Proliferation (LPS) 
IL-2 activity 

Splenocyte NK activity 

Macrophage Phagocytosis 
Macrophage Phagocytosis 

Splenocyte Proliferation (ConA) 
Proliferation (PHA) 
Proliferation (LPS) 
Antibody (SRBC) 

Splenocyte Proliferation (PHA) 
Proliferation (PHA) 

Splenocyte Proliferation (ConA) 

Blood Fever (LPS) 
IL-6 

Saliva IgA 

Blood NK activity 

Blood Proliferation (PHA) 
Proliferation (PWM) 

Blood (MNC) Proliferation (ConA) 

Blood Proliferation (PHA) 
Profiferatior~ {ConA) 
Proliferation (PPD) 

20-22 Blood (MNC) NK activity 
IL-2 

21-39 Blood (MNC) NK activity 
>65 Blood (MNC) NK activity 

Treadmill 2 wk Decrease 153 

Treadmill 4 wk Increase 154 
increase 

Treadmill 8 wk Increase 155 

Swimming 6 mo Decrease 22 

Swimming 6 mo Decrease 

Swimming 6 mo Decrease 

Treadmill 10 wk Increase 156 

Swimming 4 wk Increase 157 
Swimming 4 wk Increase 

Treadmill 3 wk No change 158 
No change 
Increase 
No change 

Swimming 3 wk Decrease 159 
Swimming 3 wk Decrease 

Treadmill 6 wk Decrease 160 

Run. Wheels 3 wk No change 161 
No change 

Ski athletes 50 km Decrease 162 

Aerobic Train. 16 wk Increase 163 

Water Polo Decrease 164 
Decrease 

Ergometer 1 wk Decrease 165 

Marathon Run 42km Decrease 166 
Decrease 
Decrease 

Cyclists 20,000 Km Increase 167 
Decrease 

Ergometer Increase 168 
Ergometer Increase 

164 



Intervention in the Aging Immune System: Influence of Dietary Restriction, Dehydroepiandrosterone, Melatonin, and Exercise 

Table 4 (continued) 

Species Strain Age Lymphoid Immune Exercise Exercise Change with Ref 
(months) Cells Parameter Protocol Duration Exercise u 

Human (continued) 
27-40 Blood Lymphocyte number Cyclists 10 miles/d Increase 169 

27-40 Blood IgG Runners 10 miles/d No change 170 
IgA No change 
IgM No change 
Cytotoxicity No change 

MNC, mononuclear cell; ConA, concanavalin A; PHA, phytohemagglutinin; LPS, lipopolysaccharide; PWM, pokeweed mitogen; PPD, purified protein 
derivative; IL-2, interleukin-2; IL-6, interleukin-6; SRBC, sheep red blood cell; NK, natural killer. 

higher the immunosuppression. Several investigators 
have suggested that the immunosuppressive effect of 
strenuous exercise may be indirectly related to changes 
in hormones associated with the stress response, i.e., 
glucocorticoids (176-178). Thus, a vigorous and ex- 
haustive exercise program may be a stressor that leads 
to the elevation of blood glucocorticoid levels resulting in 
a suppressive effect on the immune system. 

Because aging is often associated with an increase in 
the incidence and occurrence of infectious diseases and 
because of the common belief that exercise training 
increases resistance to infection, it would be of interest 
to know to what extent exercise can modulate the aging 
immune system. In 1988, our laboratory reported that 
exercise resulted in suppression of immune function in 
Fischer 344 rats (22). In this study, rats from four 
different age groups (1, 6, 12, and 18 months, initially) 
were subjected to a swim-training program for a period 
of 6 months. The sedentary control groups were main- 
tained in a shallow water for the same period of time as 
the swim-exercise groups. Lymphocyte proliferation 
and IL-2 production in isolated splenocytes were mea- 
sured. The proliferative response of lymphocytes to 
ConA in both swim-exercised and sedentary control rats 
declined significantlywith increasing age. Wefoundthat 
swimming exercise program resulted in a significant 
reduction in lymphocyte proliferation in 7- and 12-month 
rats when compared to their age-matched sedentary 
control groups. No significant differences in mitogen- 
esis were observed between exercised and sedentary 
control rats from the 18- and 24- month age groups. 
Similarly, the induction of IL-2 production declined sig- 
nificantly with age in both the swim-exercised and seden- 
tary control rats. For the 7-month-old rats only, the 
swimming-exercised was associated with significantly 
lower levels of IL-2 production when compared with 
sedentary controls. Subsequently, reports from other 
laboratories using different exercise protocols confirmed 
our finding that strenuous exercise suppresses immuno- 
logic function. For example, using the same strain of 
rats, Nasrullah and Mazzeo (23) reported the effect of 15 
weeks of endurance training by treadmill running on T 
cell proliferation, IL-2 production and cytotoxicity in 8, 
17, and 27-month-old rats. They found that there was a 
significant age-related decline in T cell proliferation for 

both exercised and non-exercised/sedentary rats. Tread- 
mill exercise appeared to significantly diminish T cell 
proliferation in the young and middle-aged exercised 
rats when compared with their sedentary controls, simi- 
lar to the findings reported earlier by our laboratory (22). 
In our study, we did not observed significant difference 
in mitogen-induced proliferation or IL-2 production be- 
tween the swimming exercise and non-exercised old 
rats. However, Nasrullah and Mazzeo (23) reported that 
15 weeks of endurance training improved mitogenesis 
and IL-2 production in older animals. 

Several studies in humans have also shown that 
exercise results in suppression of certain immune re- 
sponses. For example, Papa et al. (164) showed 
significant decline in the response of peripheral blood 
lymphocytes to mitogen as well as a reduction in IL-2 
receptor expression in athletes involved in long-term 
training compared to healthy controls. In a recent study, 
Rail et al. (179) reported that 12 weeks of progressive 
resistance strength training did not affect immune func- 
tion, e.g., lymphocyte subsets, mitogenesis, cytokine 
production (IL-113, IL-2, IL-6, TNF-(x) or delayed type 
hypersensitivity response in young or elderly healthy 
subjects or subject with rheumatoid arthritis. Despite 
reports on the immunosuppressive effect of vigorous 
and exhaustive exercise on mitogenesis and cytokine 
production, the activity and the number of NK cells have 
been reported to increase with exercise. For example, 
a study by Fiaterone et al. (168) on the effect of cycling 
exercise on NK cell activity in peripheral blood cells in 
young and elderly women showed that exercise resulted 
in a significant increase in the activity and the number of 
NK cells in both young and elderly subjects (168). In 
addition, they found that the NK responsiveness to 
recombinant IL-2 stimulation was similar between the 
two age groups. Nieman et al. (180) compared the effect 
of a 12-week exercise training program on the NK cell 
activity in young and elderly women. They found that the 
NK activity was significantly increased in the exercised 
young and elderly women compared to the age-matched 
controls. Another study involving 16 weeks of aerobic 
training with elderly women found that the NK activity 
was significantly increased in the exercised group when 
compared with an age-matched sedentary control (163). 
In response to a strenuous treadmill exercise, both 
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young and elderly subjects experienced a significant 
increase in NK activity compared with the age-matched 
controls. These studies indicate that in response to 
acute physical training, there is a transient increase in 
NK activity, and this is largely due to changes in the 
proportion of NK cells in the tested populations rather 
than to a change in the activity of individual cells. 

CONCLUDING REMARKS 

For over half a century it has been known that reduction 
of food intake extends the life span of rodents. Dietary 
restriction has received particular attention during the 
last two decades, perhaps because it may provide a 
model to study the mechanisms responsible for aging. 
Dietary restriction is the most efficacious intervention 
method known thus far that increases longevity, reduces 
pathology, and enhances the immune response in lab- 
oratory animals. Although the mechanism by which 
dietary restriction alters immunosenescence remains 
unclear, we have speculated that it mediates its effect by 
altering gene expression, e.g., expression of IL-2 gene, 
at the level of transcription. At the present time, it is 
unclear how dietary restriction alters gene expression at 
the level of transcription. A recent study from our 
laboratory supports the view that the mechanism of 
dietary restriction involves changes in the activities of a 
transcription factor, i.e., NFAT that plays a predominant 
role in the regulation of IL-2 transcription. 

Intervention in the aging immune system by various 
experimental manipulations has provided immuno- 
gerontologists with the opportunity to examine the basic 
mechanism underlying the aging immune system. In 
recent years, numerous studies have been reported on 
the effect of hormonal or exercise therapy on the aging 
immune system. Some of the age-related declines in 
immune function have been linked to the decline in the 
plasma levels of the androgenic hormone DHEA or the 
pineal hormone MLT that occurs with advancing age. 
The decrease in the level of these hormones with age 
has been shown to be inversely correlated with the 
increase in the age-associated diseases such as can- 
cer. Thus, the observation that low circulatory levels of 
DHEA or MLT are associated with immunosenescence 
has provided a rationale for hormone replacement therapy 
and some but not all the reported studies indicate that 
DHEA treatment or MLT therapy enhances the immune 
function and reverses the immunosenescence in mice. 
These studies have been conducted mainly in mice, and 
in some cases, lack of appropriate controls or measure- 
ments confirming the observed effects are due to DHEA/ 
S or MLT. Thus, although these reports are encourag- 
ing, further studies are needed to confirm the 
immunostimulatory effect of these compounds in old 
experimental animals and elderly humans. 

In spite of the common belief that physical activity 
(exercise) improves resistance to diseases, reports on 
the effect of exercise on lymphocyte function are con- 
flicting and not comparable. This might be due to 

differences in the exercise protocol, an appropriate non- 
exercise control group, the intensity and duration of 
exercise, and the age of subjects investigated. In 
general, moderate exercise has been shown to enhance 
certain lymphocyte function. However, strenuous and 
vigorous exercise results in immunosuppression. The 
immunosuppressive effect of exercise has been associ- 
ated with an increase in the stress response, i.e., the up- 
regulation of glucocorticoids, which are known to 
suppress immune function. Although considerable 
progress as well as controversy has been generated 
regarding the anti-aging and anti-immunosenescence 
role of DHEA, MLT, and exercise, a definitive conclusion 
on the therapeutic potential of these methods in retard- 
ing/reducing immunosenescence should await further 
confirmation by other investigators. Long-term and well- 
controlled studies are needed to gain better insight into 
the possible implications of hormonal or exercise therapy 
on aging and the mechanisms of action on altering 
immunosenescence. 
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